obJective The purpose of this study was to identify factors contributing to an increased risk for vertebral compression fracture (VCF) following stereotactic body radiation therapy (SBRT) for spinal tumors. MethoDS A total of 594 tumors were treated with spinal SBRT as primary treatment or re-irradiation at 8 different institutions as part of a multi-institutional research consortium. Patients underwent LINAC-based, image-guided SBRT to a median dose of 20 Gy (range 8-40 Gy) in a median of 1 fraction (range 1-5 fractions). Median patient age was 62 years. Seventy-one percent of tumors were osteolytic, and a preexisting vertebral compression fracture (VCF) was present in 24% of cases. Toxicity was assessed following treatment. Univariate and multivariate analyses were performed using a logistic regression method to determine parameters predictive for post-SBRT VCF. reSUltS At a median follow-up of 10.1 months (range 0.03-57 months), 80% of patients had local tumor control. At the time of last imaging follow-up, at a median of 8.8 months after SBRT, 3% had a new VCF, and 2.7% had a progressive VCF. For development of any (new or progressive) VCF following SBRT, the following factors were predictive for VCF on univariate analysis: short interval from primary diagnosis to SBRT (less than 36.8 days), solitary metastasis, no additional bone metastases, no prior chemotherapy, preexisting VCF, no MRI used for target delineation, tumor volume of 37.3 cm 3 or larger, equivalent 2-Gy-dose (EQD 2 ) tumor of 41.8 Gy or more, and EQD 2 spinal cord D max of 46.1 Gy or more. Preexisting VCF, solitary metastasis, and prescription dose of 38.4 Gy or more were predictive on multivariate analysis. The following factors were predictive of a new VCF on univariate analysis: solitary metastasis, no additional bone metastases, and no MRI used for target delineation. Presence of a solitary metastasis and lack of MRI for target delineation remained significant on multivariate analysis. conclUSionS A VCF following SBRT is more likely to occur following treatment for a solitary spinal metastasis, reflecting a more aggressive treatment approach in patients with adequately controlled systemic disease. Higher prescription dose and a preexisting VCF also put patients at increased risk for post-SBRT VCF. In these patients, pre-SBRT cement augmentation could be considered to decrease the risk of subsequent VCF.
M alignancy involving the spinal column is extremely common, with more than 18,000 new cases of spinal metastases diagnosed in North America each year. 7, 8, 15 The role of stereotactic body radiation therapy (SBRT) has become well established in the treatment of primary and metastatic tumors of the spine. The term " stereotactic body radiation therapy" implies high-dose-per-fraction radiation (typically more than 5 Gy) delivered to an image-guided target in 1-5 fractions, using conformal radiation techniques. In contrast to conventional radiotherapy, SBRT uses multiple beams to deliver high doses of radiation while sparing nearby healthy structures, particularly the spinal cord, from potentially toxic doses of radiation. 1, 2, 12, 27 Several studies have demonstrated the safety and efficacy of SBRT, with local tumor control on the order of 70%-90%, 2, 12, 27 as well as durable pain palliation and preservation of neurological function. 8, 10, 23 However, major complications, including radiation-induced myelopathy and vertebral compression fractures (VCFs), remain a significant concern. Radiation therapy using conventional fractionation is known to predispose patients to the development of bony fractures in a dose-dependent manner. 18, 20, 21 Similarly, a possible association between spinal SBRT and the subsequent development of VCF has been raised. The literature regarding the risk for VCF following spine SBRT has been limited by small patient numbers and has been somewhat contradictory from study to study.
Part of the controversy in the relationship between spine SBRT and subsequent VCF lies in the understanding of the natural progression of metastatic spinal disease and fracture risk associated with tumor progression outside the setting of radiotherapy. The prevalence of VCF in the setting of metastatic spinal disease appears to be between 28% and 38% of patients. 6, 17, 19 Taneichi et al. have reported that the most important risk factor for VCF in the thoracic and lumbar spine was the percentage of tumor infiltration within the vertebral body. 26 They therefore proposed that if radiation could prevent progression within the affected vertebral body, fracture risk may actually be lowered instead of raised. 26 However, osteoradionecrosis after SBRT, as seen on histopathological examination in a recent case study of 2 patients with VCF after SBRT, suggests that radiation has a significant and mechanistically distinct causative role in VCF as well. 2 The purpose of this study was to identify factors that increase the risk of VCF following treatment with spinal SBRT.
Methods
A total of 580 patients with 704 tumors from 8 different institutions underwent irradiation as primary treatment or retreatment for a malignant spinal tumor between 2004 and 2013. Any patients treated with more than 5 fractions were excluded from the analysis and are not reported here. The remaining 594 tumors treated with SBRT in 1-5 fractions were included in this study. All 8 institutions were members of the Elekta Spine SBRT Research Consortium, which included 5 centers in the United States, 2 centers in Canada, and 1 center in Germany. Prior to any data collection, each institution was granted approval by its respective research review board. Data were retrospectively collected by each institution, and the entire cohort was reviewed.
Sbrt treatment Planning
CT-based treatment planning was performed for all patients. Pretreatment MRI was registered to the planning CT for target delineation in 86% of patients, while FDG-PET was used for the remainder. Treatment delivery was done using intensity-modulated radiation therapy (n = 575) or volumetric-modulated arc therapy (n = 12). All patients had identical treatment delivery technology using LINAC-based SBRT with cone-beam CT image guidance and extracranial immobilization. The majority of immobilization was done with Elekta's BodyFIX (78%), mask (13%), mask plus BodyFIX (5%), or other device (4%). Online correction for set-up errors was performed using the robotic HexaPod (Elekta) with 6 degrees of freedom.
Tumor and treatment volumes, prescription doses, and dose constraints were defined by each institution according to individual institutional guidelines. Spinal cord dose constraints varied among the institutions. Overall, patients were treated with a median prescription dose of 20 Gy (range 8-40 Gy) in a median of 1 fraction (range 1-5 fractions). The median maximum-point dose delivered to the spinal cord for the entire cohort was low, with a median of 10 Gy (range 0.1-33.9 Gy). To compare SBRT doses to conventional fractionation, the equivalent 2-Gy dose (EQD 2 ) 14 was calculated for both tumors and spinal cord, assuming an a/b ratio of 10 and 2 for tumors and spinal cord, respectively. The median EQD 2 for tumors was 36 Gy (range 12-81.1 Gy), and the median EQD 2 spinal cord maximum dose (D max ) was 21.6 Gy (range 0.1-112.7 Gy). Treatment characteristics can be seen in Table 1 .
toxicity assessments
Toxicity was defined according to the Common Terminology Criteria for Adverse Events version 3.0 and was recorded at each follow-up visit. Acute toxicity was defined as side effects within 6 months of treatment completion, and scores for acute dysphagia, dermatitis, and pain were recorded. Chronic toxicity was defined as experiencing side effects more than 6 months following treatment completion. Chronic pain scores were recorded.
Imaging studies (MRI, CT, and/or PET-CT scans) were obtained at baseline and at each follow-up visit following SBRT. Routine follow-up imaging was performed every 3 months. Baseline CT and/or MRI studies were assessed to determine whether a preexisting VCF was present, based 
Statistical analysis
All time intervals were calculated from the date of SBRT completion. Statistical analyses were performed with SPSS version 20 (SPSS, Inc.). All statistical tests were 2 sided. Univariate analysis was performed to determine factors predictive for VCF using a logistic regression. For treatment-related variables (i.e., maximum spinal cord dose, prescription dose to high-dose target volume, volume of high-dose target volume, EQD 2 tumor, and EQD 2 spinal cord D max ), cutoff points for each value were chosen based on receiver operating characteristic analyses. All variables that were statistically significant or trended to significance in the univariate analysis were included in the multivariate analysis. Multivariate analysis was also performed using a logistic regression with the stepwise forward method. A p value ≤ 0.05 was considered statistically significant.
results

Patient characteristics and clinical outcomes
Median follow-up for the entire cohort was 10.1 months (range 0.03-57 months). Median imaging follow-up was 8.8 months (range 0-57 months). A total of 541 patients (91%) had follow-up imaging available for review. At the time of last imaging follow-up, local tumor control was present in 80% of these patients (n = 474). Local control was verified by MRI in 57% of patients, CT imaging in 23% of patients, and PET-CT imaging in 10%. At the time of analysis, 54% (n = 319) of patients were dead. Pretreatment patient and tumor characteristics are summarized in Table 2 . The median interval of time between diagnosis of the primary disease and SBRT was 1.2 months (range 0-44.4 months). The median age of the cohort was 62 years (range 16-91 years), and approximately half of the patients were female. The median Karnofsky Performance Scale score was 80 (range 40-100). Overall, the majority of patients had completely intact neurological function (94% American Spinal Injury Association [ASIA] Grade E [normal]) prior to SBRT. Half of the patients had tumors located in the thoracic spine (49%), with 29% in the lumbar spine, 16% in the cervical spine, and 7% in the sacrum.
Primary tumor sites included breast, lung, colorectal, kidney, melanoma, prostate, and other, rarer sites. The majority of lesions were osteolytic (71%), and 24% of patients in the cohort had a preexisting VCF, as documented on MRI or CT imaging prior to SBRT delivery. Median survival was compared between patients with a solitary metastasis versus those with multiple metastases. Patients with a solitary metastasis were found to have a longer median survival (40 vs 12 months; p < 0.001).
Surgical Details
A total of 205 patients (35%) received surgical treat- (24) 97 (16) 25 (4) 98 (17) 24 (4) 49 (8) 161 (27 (14) 429 (72) 85 (14) ment of the radiation treatment site prior to SBRT delivery, which may have included surgical decompression, percutaneous cement augmentation, or instrumentation/ stabilization surgery. Cases considered for pre-SBRT surgical intervention were evaluated by the neurosurgeons at each institution and an operative plan was determined appropriately. Decompressive surgery included a laminectomy (with tumor debulking, as appropriate). Percutaneous cement augmentation included kyphoplasty or vertebroplasty. Instrumentation/stabilization included a laminectomy along with instrumentation for stabilization. If there was no reason for concern regarding spinal instability, decompression alone was performed. Among the 205 patients who underwent pre-SBRT surgical procedures, 60% (n = 123) underwent decompressive surgery, 15% (n = 30) underwent percutaneous cement augmentation, and 25% (n = 52) underwent instrumentation/stabilization. Following SBRT, a total of 59 patients (9.9%) required surgical intervention for progressive disease or progressive neurological decline; of these patients, 40% (n = 23) had open decompressive surgery, 25% (n = 15) had percutaneous cement augmentation, and 35% (n = 21) had instrumentation/ stabilization.
Post-Sbrt toxicity
Overall, low rates of acute toxicity were noted. Rates of Grade 1 dysphagia, dermatitis, and pain were 7%, 2%, and 8%, respectively. Only 2 patients had Grade 2 dysphagia, and none had Grade 3 or higher. Less than 1% and 0% of patients had Grade 2 and 3 dermatitis, respectively. Five percent of patients had Grade 2 (moderate) pain and 0.3% had Grade 3 (severe) pain. No patients developed radiation-induced spinal cord myelopathy. At the time of last clinical follow-up, 85% of patients had completely intact neurological function (ASIA Grade E), and the remaining 15% had some neurological deficit (ASIA Grade D or less).
Development of vcF Following Sbrt
A total of 34 patients (5.7%) had either a new or progressive VCF following SBRT, with a median time to fracture of 3 months (range 1-36 months); 3% of patients (n = 18) developed a new fracture at the spinal SBRT site, and 2.7% (n = 16) had progression of an existing pre-SBRT VCF. There was no difference in median survival when comparing patients who developed VCF with those who did not (15.3 vs 17.4 months; p = 0.69).
Univariate analysis was performed to determine factors predictive for any VCF (new or progressive) as well as new VCF following SBRT delivery. Tables 3 and 4 show results of the univariate and multivariate analyses, respectively, for any fracture (new or progressive) following SBRT. Univariate analysis revealed that shorter interval from primary diagnosis to SBRT (less than 36.8 days), solitary metastasis, no additional bone metastases, no prior chemotherapy, presence of VCF prior to SBRT, tumor volume of 37.3 cm 3 or larger, EQD 2 tumor of 41.8 Gy or more, and EQD 2 spinal cord D max of 46.1 Gy or more were all factors predictive of any VCF. The presence of preexisting VCF, a solitary metastasis, and higher prescription dose to the target volume (38.4 Gy or more) were predictive on multivariate analysis. The results of the univariate and multivariate analyses for new fractures are reported in Tables 5 and 6 . Factors predictive for new fracture on univariate analysis included solitary metastasis, no additional bone metastases, and no MRI used for target delineation. On multivariate analysis, factors that remained predictive were solitary metastasis and lack of MRI use for treatment-planning target delineation.
Discussion
These data represent, to our knowledge, the largest reported series evaluating the risk factors for VCF follow- ing spinal SBRT. At a median follow-up of 10 months, the overall incidence of a new or progressive VCF was approximately 6%. A large proportion of patients (24%) had preexisting VCF prior to SBRT, with very few developing progression overall. We found that patients with a solitary metastasis at the time of SBRT were at an increased risk for the development of either new VCF or progressive VCF following treatment, likely explained by the use of more aggressive treatment in patients with a more favorable disease profile because these patients were more likely to live longer. As demonstrated by our data, patients with a solitary metastasis had a significantly longer median survival than those with multiple metastases. We also found that higher prescription dose led to an increased risk for fractures overall, although the effect on de novo fracture alone was not significant. As expected, the presence of a pre-SBRT VCF was also predictive for VCF following SBRT, indicating that the presence of a weakened bone confers a higher risk for fracture. In these patients, pre-SBRT procedures such as kyphoplasty or other percutaneous cement augmentation could be considered. Finally, lack of MRI planning also led to an increased risk for a new VCF. Although the reasons for this are unclear, this effect could be related to the extent of bony disease. In patients for whom very clear osteolytic abnormalities were seen on CT scans, the use of MRI for target delineation may have been less likely. In addition, lack of MRI, leading to increased risk for VCF, could also be related to the volume of vertebral body irradiated. Target delineation without MRI will more likely include the entire vertebral body if the lesion in question cannot be clearly identified on planning CT scans. Therefore, the use of MRI potentially leads to increased target volume accuracy. Radiation therapy-induced fractures are known to occur in other areas of the axial or appendicular skeleton, particularly following hypofractionated or accelerated treatment regimens, such as accelerated partial breast irradiation for breast cancer and SBRT for lung cancer. 18, 20 However, they may occur after fractionated radiation therapy as well. Overgaard et al. analyzed the influence of fraction size and dose-response relationships on late bone damage in 231 patients treated with postmastectomy radiation therapy. 18 Patients treated with a higher dose per fraction had a significantly increased incidence of spontaneous rib fracture as compared with those receiving the standard dose regimen (48% vs 6%). 18 Pettersson et al. analyzed both the dose response and volume response of radiation-induced rib fractures following SBRT for nonsmall cell lung cancer. 20 In their cohort, 68 patients were treated with 45 Gy in 3 fractions. Dose-volume histograms were evaluated and any ribs receiving more than 21 Gy were contoured. The authors found that the risk of radiation-induced rib fracture followed a volume response, with higher risks associated with radiation dose to rib volumes greater than 2 cm 3 . 20 While it is clear that certain radiation therapy parameters contribute to vertebral fractures following spinal radiation, some risk factors leading to fracture and the timing of fracture remain controversial. Furthermore, it is inconclusive whether radiation confers a greater risk for VCF than the progression of metastatic spine disease itself. Overall, patients receiving conventionally fractionated radiation (ranging from 20 Gy in 5 fractions to 30 Gy in 10 fractions) for spinal metastases are at a low risk for VCF, with a rate around 3%, as reported in the literature. 8 With growing interest in and practice of spinal SBRT, concerns about VCF incidence are increased, mainly because of the higher radiation dose per fraction delivered to large portions of the vertebral body. Identification of patients at high risk for VCF following spinal SBRT will allow clinicians to counsel patients appropriately, as well as guide surgeons in the use of pre-SBRT instrumentation or cement augmentation to decrease morbidity from VCF. 13 The rate of VCF observed in our cohort is lower than rates previously reported in published single-institution series, with some differences noted among the factors that may increase the risk for VCF. Rose et al. reported the Memorial Sloan Kettering Cancer Center (MSKCC) experience evaluating the vertebral body fracture risk following spinal SBRT. 22 Patients exclusively received highdose single-fraction SBRT (range 18-24 Gy; median 24 Gy) to the entire vertebral body. At a median follow-up of 13 months, the rate of fracture progression was 39% in 71 treated lesions (62 patients), with a median time to fracture of 25 months. In this analysis, lesions between T-10 and the sacrum, lytic lesions, and increased vertebral body replacement with tumor were independent risk factors for vertebral fracture. No significant association was found with obesity, degree of kyphosis, radiation dose, or the use of bisphosphonates. 22 Boehling et al. at the MD Anderson Cancer Center (MDACC) subsequently reported the incidence of new or progressive VCF in 20% of 123 treated vertebrae, with a median time to progression of only 3 months. 5 SBRT dosing practice varied from single to multiple fractions, with a median dose of 27 Gy (range 18-27 Gy). Patients who had received previous spinal irradiation were also included in the study cohort. The researchers reported that age greater than 55 years, presence of preexisting fracture, higher baseline pain scores, and larger lytic lesions were independent risk factors for fracture. Existing fractures prior to treatment were associated with higher initial pain scores but did not correlate with pain scores following SBRT. Bisphosphonate use was also not associated with fracture risk, whereas obesity was found to have a protective effect. In contrast to the prior MSKCC study, Boehling et al. found that tumor location was not a risk factor for VCF. 5 Cunha et al. evaluated the experience of the University of Toronto, reporting a fracture rate of 11% for 167 spinal segments, with a mean time to fracture of 3.3 months, and a 1-year fracture-free probability of 87%. 9 Similar to the MDACC study, the University of Toronto patients were treated with either single-or multifraction SBRT in doses ranging from 8 to 35 Gy, and previously irradiated spinal segments were included. The authors classified each vertebral segment using the Spinal Instability Neoplastic Score (SINS) to determine which patients were stable, potentially unstable, and unstable. As reported by Fisher et al., the SINS criteria consist of location, type of pain versus no pain; spinal misalignment versus normal alignment; presence of baseline VCF versus no collapse; 50% or more of the vertebral body involved by tumor versus < 50% involved; type of lesion; and any involvement of the posterolateral elements. 11 The different components of the SINS, as well as specific clinical and dosimetric factors, were evaluated. The authors observed that patients with lytic tumors, kyphosis/scoliosis, hepatocellular carcinoma and lung histologies, and radiation dose per fraction of more than 20 Gy resulted in a greater likelihood of fracture. 9 More recently, Sahgal et al. reported results from a multi-institutional study aimed at evaluating the risks and predictive factors associated with VCF following spine SBRT. 24 Pooling data from the University of Toronto, MDACC, and Cleveland Clinic, this study included 410 spinal segments in 252 patients treated with 1-5 fractions to doses ranging from 8 to 35 Gy. Patients were separated according to the dose per fraction received, which ranged from less than 8 Gy to 24 Gy or more. Each vertebral segment was scored according to the SINS criteria. At a median follow-up of 11.5 months, the authors observed a 14% overall fracture rate, with 47% de novo fractures and 53% progression of an existing fracture. The median and mean times to fracture were 2.5 months and 6.3 months, respectively. Baseline VCF, lytic tumor, spinal deformity, and dose per fraction (highest risk for 24 Gy or more vs 20-23 Gy vs 19 Gy or less) were identified as significant predictors for the development of VCF. 24 The multi-institutional data by Sahgal et al., 24 as well as that of the MSKCC, MDACC, and the University of Toronto series, all indicated that the presence of osteolytic spinal disease is an independent risk factor for the development of VCF following spinal SBRT. 5, 9, 22 However, our data did not confirm this. An increased risk for VCF in osteolytic tumors, which included progression of preexisting fractures, was not noted in our cohort of patients. There was no association noted between osteolytic disease and the development of a de novo VCF. Osteolytic bone disease causes architectural changes in the trabecular network, including bone loss and decreased mineralization. 25 This leads to decreased quality of the vertebral bone, leading to an increased risk for VCF. Other studies have been able to assess the size of the lytic lesion or tumor burden present within the vertebral body, or quantify the amount of vertebral body collapse. However, the present series did not. The MDACC series quantified the degree of tumor involvement, using digital volume measurements in addition to evaluating the CT appearance of lesions, to classify them as lytic, sclerotic, or mixed. 5 Using these CT data, they were able to determine the effects of tumor involvement on fracture based upon lytic lesion size, and found that more than 80% osteolytic tumor within the vertebral body increased the risk for VCF significantly. 5 Similarly, the MSKCC study quantified the percent of vertebral body involvement using digital volume measurements and estimated the percent vertebral body collapse by comparing the height of the body of interest before and after fracture or by comparing it to vertebral levels cephalad and caudal to the fracture. 22 In their study, tumor burden was identified as a significant risk factor, with the highest risk noted in tumors with 41%-60% of spinal segment involvement. 22 In our study, we did not specifically quantify the extent of lytic disease, tumor burden, or amount of vertebral body collapse, which could explain the lack of significance for osteolytic disease in the current analysis. Besides osteolytic disease, multiple other factors, such as age, tumor location, and specific tumor histologies, have also been found to correlate with VCF after SBRT but were not found to be significant in the current study.
Our study population is comparable to that of singleinstitution reports with regard to the inclusion of varying histologies, as well as thoracic spine tumors in approximately half of the cohort. Additionally, our patients were treated with both single-fraction and multifraction SBRT, consistent with previously published data. 5, 9, 22, 24 As reported by others, 5, 9, 24 we found that preexisting fracture confers a greater VCF risk, with no protective effect from bisphosphonates. Factors predictive of VCF that are unique to our study include the effect of a solitary metastasis. This may be related to patients with adequately controlled systemic disease and limited metastases who potentially undergo more aggressive treatment with higher doses and more single-fraction treatments, therefore leading to an increased risk for fracture in a radiation dose-dependent manner. Patients with solitary bone lesions are also more likely to undergo treatment of the entire vertebral body, particularly compared with those with larger, adjacent soft-tissue masses requiring irradiation. As such, our study demonstrated that prescription dose and tumor volume were significantly predictive for VCF overall, although this finding did not hold true when new VCF was analyzed independently. Data from the University of Toronto series demonstrated a radiation dose effect as well; however, a greater risk for vertebral segments treated with 20 Gy or more per fraction was observed in that study, 9 rather than an association with total radiation dose, as noted in our cohort. In patients with preexisting fractures and, therefore, inherently weaker bone structures, excess radiation dose is felt to play a role in fracture progression. More-conservative doses might be considered in these cases, with an attempt to limit the maximum dose to 38.4 Gy or less in patients at higher risk, based on the current series.
Other considerations for patients with preexisting fractures should include an assessment for surgical intervention prior to SBRT. Recent innovations in spinal surgery have led to the development of less-invasive approaches, including minimally invasive surgery as well as percutaneous procedures. Percutaneous procedures, such as kyphoplasty and vertebroplasty, are available for the relief of pain related to VCF while providing mechanical stability. 25 In a multicenter, randomized controlled trial, Berenson et al. evaluated the efficacy and safety of balloon kyphoplasty compared with nonsurgical management for painful VCF in 134 patients. 3 At 1 month, patients who were treated with kyphoplasty had superior functional outcomes, with reduction in back pain and improved quality of life. Kyphoplasty was safe, with a similar rate of adverse events as compared with control subjects. 3 While existing data show promising results, the possibility of cement extravasation into the neural foramen, ultimately leading to spinal canal compromise, is a potential complication, particularly if patients are not properly selected.
Understanding the role of a combined approach with SBRT is also important, most notably with regard to the timing of each procedure. Gerszten et al. prospectively evaluated the combined use of kyphoplasty and spinal radiosurgery in 26 patients with pathological compression fractures. 13 Following kyphoplasty using a percutaneous transpedicular technique, patients underwent single-fraction radiosurgery to a mean dose of 18 Gy, with a mean time after kyphoplasty of 12 days. At a median follow-up of 16 months, no radiation-related toxicities or new neurological deficits were observed, and pain improvement was evident in 92% of the cohort. 13 The clinical efficacy and safety demonstrated in this study provide a rationale for considering this combination approach in appropriately selected patients, especially with the growing body of data indicating that preexisting fractures increase the risk for further VCF progression.
While the current study does represent a robust clinical data set consisting of a large number of patients, there are limitations to our analysis aside from the inherent shortcomings of a retrospective study. The analysis included variability with regard to treatment dose, fractionation schedules, and normal tissue constraints, since each institution treated patients according to its respective institutional guidelines. Additionally, the definitions of gross tumor volume, clinical target volume, and planning target volume were not standardized, making it unclear whether a link exists between target volume (entire vertebral body vs the involved portion) and increased risk for VCF. Although this heterogeneity in treatment planning was present, all patients were treated similarly, using identical treatment equipment. Similarly, as these data are from multiple institutions with varying practices and available information, several important details could not be included in this analysis that have been shown to be important predictors in prior series examining VCF. Among these are more detailed information regarding the exact tumor size within the bone, the percentage of osteolytic disease, several components of the SINS score, and specific surgical details regarding surgical approaches. Further work is ongoing with respect to surgical approaches and complications, which will be reported at a later time. Also, patients who received previous spinal irradiation or surgical interventions to the SBRT site were included in the analysis, which could confound our findings. However, our data are in concordance with both the University of Toronto and MDACC series, in which prior radiation therapy did not increase the risk for VCF. As re-irradiation is thought to contribute to an increased risk for fracture, fur-ther investigation is warranted to determine whether there is a dose-or volume-related effect of pre-SBRT irradiation and to establish if specific cutoff values exist for fracture development.
conclusions
To our knowledge, this study represents the largest series to date that specifically evaluated the incidence of VCF after spine radiosurgery. Overall, rates of post-SBRT VCF were relatively low in our study compared with other published series, with minimal rates of other radiationrelated toxicities, supporting the safe use of spinal SBRT in the appropriate setting. VCF following SBRT is significantly more likely to occur following treatment for a solitary spinal metastasis, in patients with preexisting VCF, and with the use of a higher prescription dose. Using MRI for target delineation was found to be protective for development of VCF, and should be done whenever possible for accurate tumor and spinal cord definition. Consideration of pre-SBRT intervention to decrease the risk for new or progressive fractures is warranted in patients with preexisting fracture or who are otherwise at high risk. While higher radiation doses and larger treatment volumes may lead to increased risk for VCF, treating physicians should carefully weigh the risk for VCF versus that of tumor progression due to inadequate radiation dose or volume.
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